A vast area in China is currently going through severe haze episodes with drastically elevated 16 concentrations of PM2.5 in winter. Nitrate and sulfate are main constituents of PM2.5 but their 17 formations via NO2 and SO2 oxidation are still not comprehensively understood, especially under 18 different pollution or atmospheric relative humidity (RH) conditions. To elucidate formation 19 pathways of nitrate and sulfate in different polluted cases, hourly samples of PM2.5 were collected 20 continuously in Beijing during the wintertime of 2016. Three serious pollution cases were 21 identified reasonably during the sampling period and the secondary formations of nitrate and 22 sulfate were found to make a dominant contribution to atmospheric PM2.5 under the relatively high 23 RH condition. The significant correlation between NOR and NO2 × O3 during the nighttime under 24 the RH≥60% condition indicated that the heterogeneous hydrolysis of N2O5 involving aerosol 25 liquid water was responsible for the nocturnal formation of nitrate at the extremely high RH levels. 26
during the daytime under the 30%<RH<60% condition provided convincing evidence that the 28 gas-phase reaction of NO2 with OH played a pivotal role in the diurnal formation of nitrate at 29 moderate RH levels. The extremely high mean values of SOR during the whole day under the 30 RH≥60% condition could be ascribed to the evident contribution of SO2 aqueous-phase oxidation 31 to the formation of sulfate during the severe pollution episodes. Based on the parameters measured 32 in this study and the known sulfate production rate calculation method, the oxidation pathway of 33 H2O2 rather than NO2 was found to contribute greatly to the aqueous-phase formation of sulfate. 34
Introduction 35
In recent years, severe haze has occurred frequently in Beijing as well as the North China 36 Plain (NCP) during the wintertime, which has aroused great attention from the public due to its 37 adverse impact on atmospheric visibility, air quality and human health (Chan and Yao, 38 2008; Zhang et al., 2012; Zhang et al., 2015) . 39
To mitigate the severe haze pollution situations, a series of regulatory measures for primary 40 pollution sources have been implemented by the Chinese government. For example, coal 41 combustion for heating in winter has gradually been replaced with electricity and natural gas in 42 the NCP, coal-fired power plants have been strictly required to install flue-gas denitration and 43 desulfurization systems (Chen et al., 2014) , the stricter control measures such as terminating 44 production in industries and construction as well as the odd and even number rule for vehicles 45 have been performed in megacities during the period of the red alert for haze and so on. These 46 actions have made tremendous effects to decline pollution levels of primary pollutants including 47 PM2.5 (fine particulate matter with an aerodynamic diameter less than 2.5 m) in recent years (Li 48 et al., 2019) . However, the serious pollution events still occurred in many areas of 49 https://doi.org/10.5194/acp-2019-994 Preprint. Discussion started: 13 November 2019 c Author(s) 2019. CC BY 4.0 License.
Beijing-Tianjin-Hebei (BTH) region in December 2016 and January 2017 (Li et al., 2019) . It has 50 been acknowledged that the severe haze pollution is mainly ascribed to stagnant meteorological 51 conditions with high atmospheric relative humidity (RH) and low mixed boundary layer height, 52 strong emissions of primary gaseous pollutants and rapid formation of secondary inorganic 53 aerosols (SIAs, the sum of sulfate, nitrate and ammonium), especially sulfate and nitrate (Cheng et 54 al., 2016; Guo et al., 2014; Huang et al., 2014) . Some studies suggested that the contribution of 55 SIAs to PM2.5 was higher than 50 % during the most serious haze days (Quan et al., 2014; Xu et al., 56 2017; Zheng et al., 2015a) . 57
Generally, atmospheric sulfate and nitrate are formed through the oxidations of the precursor 58 gases (SO2 and NO2) by oxidants (e.g. OH radical, O3) via gas-phase, heterogeneous and 59 aqueous-phase reactions (Ravishankara, 1997 ; Wang et al., 2013; Yang et al., 2015) . It should be 60 noted that the recent study proposed the remarkable emissions of primary sulfate from residential 61 coal combustion with the sulfur contents of coal in range of 0.81-1.88 % in Xi'an (Dai et (RCEES, CAS), which was located in the northwest of Beijing and had been described in detail by 94 our previous studies (Liu et al., 2016a; Liu et al., 2017b) . The location of the sampling site 95 (40  0029.85 N, 116  2029.71 E) is presented in Figure S1 
Aerosol liquid water contents and pH prediction by ISORROPIA-II model 111
The ISORROPIA-II model was employed to calculate the equilibrium composition for 112 Na + -K + -Ca 2+ -Mg 2+ -NH4 + -Cl --NO3 --SO4 2--H2O aerosol system, which is widely used in regional 113 and global atmospheric models and has been successfully applied in numerous studies for 114 predicting the physical state and composition of atmospheric inorganic aerosols ( and aerosol water contents, respectively, both of which could be output from ISORROPIA-II. 140
Production of sulfate in aqueous-phase reactions 141
The previous studies showed that there were six pathways of the aqueous-phase oxidation of 142 SO2 to the production of sulfate, i.e. H2O2 oxidation, O3 oxidation, NO2 oxidation, transition metal 143 ions (TMI) + O2 oxidation, methyl hydrogen peroxide (MHP) oxidation and peroxyacetic acid 144 
where k0 = 2.4×10 4 M -1 s -1 , k1 = 3.7×10 5 M -1 s -1 , k2 = 1.5×10 9 M -1 s -1 , k3 = 7. 
where T is the ambient temperature, T0=298 K, both E/R and ∆H/R varied in the different 177 equations and their values could be found in Cheng et al., (2016) . 178 Furthermore, mass transport was also considered for multiphase reactions in different 179 medium and across the interface in section M3 of the SIs. aerosols during the wintertime in Beijing. 195 The average concentrations of the species in PM2.5 and typical gaseous pollutants during 196 clean or slightly polluted (C&SP) episodes (PM2.5<75 g m -3 ), during polluted or heavy polluted 197 (P&HP) episodes (PM2.5≥75 g m -3 ) and during the whole sampling period are illustrated in Table  198 1. It is evident that the average concentrations of NO3 -, SO4 2-, NH4 + , OC and EC during P&HP 199 episodes were about a factor of 5.0, 4.1, 6.1, 3.6 and 3.2 greater than those during C&SP episodes, than those during C&SP episodes, the obviously higher elevation of NO3and SO4 2implied that 204 the oxidations of NO2 and SO2 by the major atmospheric oxidizing agents (OH radicals, O3 and 205 H2O2 etc.) might be greatly accelerated due to the relatively high concentrations of oxidants and 206 atmospheric RH during the serious pollution episodes (Figure 1) . The average concentration of 207 H2O2 was found to be a factor of 1.7 greater during P&HP episodes than during C&SP episodes, 208
indicating that atmospheric H2O2 might contribute to the formation of SIAs especially sulfate 209 during the serious pollution episodes with high atmospheric RH, which will be discussed in Sect. 
Three serious pollution cases during the sampling period 218
Based on the transition from the clean to polluted periods, three haze cases were identified 219 during the sampling period (Figure 1 and Figure S2 ): from 13:00 on January 8 th to 1:00 on January 220 11 th (Case 1), from 14:00 on January 14 th to 7:00 on January 17 th (Case 2), and from 8:00 on 221 January 19 th to 2:00 on January 22 nd (Case 3). The serious pollution duration in the three cases 222 could last 1-3 days due to the differences of their formation mechanisms. 223
In Case 1, the variation trends of the concentrations of the species in PM2.5, NOx, SO2, 224 HONO and H2O2 were almost identical and exhibited three pollution peaks at night (Figure 1 around the sampling site were suspected to be a dominant source for the increase in the PM2.5 229 concentrations. Further evidence is that the correlation between the concentrations of PM2.5 and 230 CO is better in Case 1 (R 2 =0.55) than in Case 2 and Case 3 (R 2 =0.20~0.52) ( Figure S3 ). Identical 231 to Case 1, three obvious pollution peaks were also observed in Case 2 ( Figure 1 ). The variation 232 trends of the concentrations of the species in PM2.5 and typical gaseous pollutants at the first peak 233 in Case 2 were found to be similar with those in Case 1, which were mainly attributed to their 234 similar formation mechanism. However, the evident decreases in NOx and SO2 were observed 235 when the concentrations of the species in PM2.5 were increasing and the atmospheric oxidation 236 pollutant (e.g. H2O2) concentration peaks were prior to others at the last two peaks in Case 2, 237 suggesting that secondary formation from gaseous precursors might be dominant for PM2.5 238 pollution. The relatively high RH (50-80 %) and the low south wind speeds (<2 m s -1 ) in Case 2 239 ( Figure S2 ) provided further evidence for the above speculation. In contrast to Case 1 and Case 2, 240 the relatively high south wind speeds (>3 m s -1 ) ( Figure S2 ) with the concentrations of the species 241 in PM2.5 and typical gaseous pollutants increasing slowly (Figure 1 ) at the beginning of Case 3 242 indicated that regional transportation might be responsible for the atmospheric species. 243
Subsequently, the concentrations of the species in PM2.5 remained relatively high when the 244 atmospheric RH lasted more than 60 %, implying that secondary formation from gaseous 245 precursors dominated PM2.5 pollution during the late period of Case 3. 246
The average mass proportions of the species in PM2.5 in the three cases are illustrated in 247 https://doi.org/10.5194/acp-2019-994 Preprint. Discussion started: 13 November 2019 c Author(s) 2019. CC BY 4.0 License. Figure S4 , the proportions of the primary species such as EC (10-13 %), Cl -(6-7 %) and Na + (4 %) 248
in the three cases were almost identical, indicating that primary particle emissions were relatively 249 stable during the sampling period. However, the proportions of SIA in Case 2 (42 %) and Case 3 250 (38 %) were conspicuously greater than that in Case 1 (28 %), further confirming that secondary 251 formation of inorganic ions (e.g. nitrate, sulfate) made a significant contribution to atmospheric 252 PM2.5 in Case 2 and Case 3. 253
Formation mechanism of nitrate and sulfate during serious pollution episodes 254
As for nitrate and sulfate in the three cases, the highest mass proportion (18 %) of nitrate was 255 observed in Case 2, whereas the highest mass proportion (15 %) of sulfate was found in Case 3 256 ( Figure S4 ). Although the concentrations of SO2 were about a factor of 5 lower than the 257 concentrations of NO2 in both Case 2 and Case 3 (Figure 1 As shown in Figure 3b , the more significant correlation between NO2 × O3 and NOR under the 295 RH≥60 % condition (R 2 =0.534) than under the RH<60 % condition (R 2 <0.005) at the nighttime 296 (19:00-6:00) during the sampling period further confirmed that the heterogeneous hydrolysis of 297 N2O5 on wet aerosols made a great contribution to atmospheric nocturnal nitrate under high RH 298
conditions. 299
However, the obvious increase in the mean values of NOR during the daytime (especially for 300 10:00-17:00) under the 30 %<RH<60 % condition ( Figure 3a which was not responsible for the high mean values of NOR at that time (Figure 3a) . However, the 314 slight increase in the mean values of Dust × NO2 after 14:00 was observed under the 315 30 %<RH<60 % condition (Figure 3c ) and hence the heterogeneous reaction of NO2 on the 316 surface of mineral aerosols was suspected to contribute to the diurnal formation of nitrate at that 317 time under moderate RH condition. 318
Formation mechanism of sulfate 319
Atmospheric sulfate is principally from SO2 oxidation pathway, including gas-phase 320 reactions with OH radical or stabilized Criegee intermediates, heterogeneous-phase reactions on 321 the surface of particles and aqueous-phase reactions with dissolved O3, NO2, H2O2 and organic Guo et al., (2017) , was adopted for evaluating sulfate production in this study. In 338 addition, in terms of oxidants, the obvious increase in the average concentration of NO2 (Figure 5b ) 339 and the evident decrease in the average concentration of O3 ( Figure 5d ) were observed with the 340 deterioration of PM2.5 pollution. Furthermore, the average concentration of H2O2 was also found 341 to be extremely high (0.25 ppb) under the HP condition ( Figure 5c ) and was above 1 order of 342 magnitude higher than that (0.01 ppb) assumed by Cheng et al., (2016) , which probably resulted in 343 the underestimation of the contribution of H2O2 to sulfate formation in the study of Cheng et al., 344 (2016) . 345
To further explore the contribution of H2O2 to sulfate production rate under the HP condition, 346 the parameters measured in this study (Table 2 ) and the same approach that was adopted by Cheng 347 et al., (2016) were used to calculate sulfate production. As shown in Figure 6 , the relationships 348 between different aqueous oxidation pathways and aerosol pH in this study were found to be very 349 similar with those of Cheng et al., (2016) . However, the contribution of H2O2 to sulfate production 350 rate was about a factor of 17 faster in this study (about 1.16 g m -3 h -1 ) than in the study (about 351 6.95×10 -2 g m -3 h -1 ) of Cheng et al., (2016) , implying that the contribution of H2O2 to sulfate 352 formation was largely neglected. Furthermore, considering the aerosol pH calculated under the HP 353 condition during the sampling period, the oxidation pathway of NO2 might play an insignificant 354 role in sulfate production rate (8.96×10 -2 -0.56 g m -3 h -1 ) and its importance proposed by the 355 previous studies (1.74-10.85 g m -3 h -1 ) was not necessarily expected. contribution of aqueous-phase reaction of SO2 to atmospheric sulfate formation during the severe 370 pollution episodes. According to the parameters measured in this study and the same approach that 371 was adopted by Cheng et al., (2016) , the oxidation pathway of H2O2 rather than NO2 was found to 372 contribute greatly to atmospheric sulfate formation. 373
Our results revealed that the heavy pollution events in winter usually occurred with high 374 concentration levels of pollutants and oxidants as well as high liquid water contents of moderately 
